Introduction. Heart failure with preserved left ventricular ejection fraction (HFPEF) is an epidemiologically serious disease. Noninvasive diagnosis of HFPEF remains challenging. The current diagnosis is based on evidence of diastolic dysfunction, albeit systolic dysfunction is also present but not included in the diagnostic algorithm. The aim of this study was to analyze the longitudinal (long), circumferential (circ) and radial (rad) component of systolic left ventricular (LV) function in patients with exertional dyspnea of unexplained etiology and normal left ventricular ejection fraction (LVEF). Methods. One hundred and twenty-two patients with exertional dyspnea of unexplained etiology and normal LVEF and 21 healthy controls, underwent echocardiography examination at rest and at the end of symptom-limited exercise. We analysed the longitudinal, circumferential and radial deformation of myocardium using two dimensional speckle tracking echocardiography in all subjects. Results. Patients with exertional dyspnea and preserved LVEF were divided into group A1 (46 patients meeting the criteria for the diagnosis HFPEF) and group A2 (76 patients without HFPEF). Group A1 had significantly worse longitudinal and circumferential systolic LV function than group A2. Subjects in group A1 compared to group A2 showed significantly different strain rates during atrial contraction (SR A), circ and ratio of peak early trans-mitral flow velocity (E) and strain rate E wave (E / SR E) circ. Multivariate logistic regression analysis showed that the SR parameter A circ is an independent predictor of HFPEF (odds ratio 0.550, 95% confidence interval: 0.370 -0.817, P value 0.003). Conclusion. Longitudinal and circumferential LV deformation was significantly more impaired in patients with HFPEF than in patients with exertional dyspnea without HFPEF. In patients with exertional dyspnea and normal LVEF, the value of SRA circ appears to be a significant and independent predictor of HFPEF. This parameter may, in the future complement the diagnostic algorithm for HFPEF.
INTRODUCTION
Heart failure with preserved left ventricular ejection fraction (HFpeF) is a common disease with a morbidity and mortality not significantly different from heart failure with depressed left ventricular function (HFreF) (ref. [1] [2] [3] ). patients with HFpeF have diastolic and systolic heart failure despite normal left ventricular ejection fraction (lVeF) (ref. [4] [5] [6] [7] ). a noninvasive diagnosis of HFpeF is based on the evidence of diastolic dysfunction but the presence of systolic dysfunction is not currently included in the diagnostic algorithm 4 . evaluation of deformation (strain, s) and strain rate (strain rate, sr) using 2d speckle tracking echocardiography quantifies the longitudinal, circumferential and radial component of lV systolic function. There is substantial evidence for impaired single deformation parameters in patients with HFpeF (ref. [8] [9] [10] ). some authors stress the longitudinal dysfunction 9 , others emphasise both longitudinal and circumferential 11 and some report impaired longitudinal, radial and circumferential left ventricular systolic functio 8 . discrepant results may be due to varying degrees of lV systolic dysfunction in patients with HFpeF in the populations studied. as shown by paulus et al. 2 a noninvasive diagnosis of HFpeF remains challenging with the necessity to combine a number of parameters to build a definite diagnosis. The aim of this study was hence to assess the longitudinal, radial and circumferential lV function in patients with exertional dyspnea and normal lVeF and to determine new key diagnostic parameters for HFpeF.
MeTHODS

Study cohort
patients with chronic exertional dyspnea and normal lVeF (> 50%) in sinus rhythm were included in the study. subjects were selected from patients examined at i. department of internal medicine/cardioangiology of st. anne's University Hospital. all patients underwent elective invasive coronary angiography and those with significant coronary artery disease were excluded. in total, 122 patients (group a1 and group a2) and 21 healthy controls were involved in the study. Group a1 (n = 46) included patients meeting the criteria for the diagnosis HFpeF. Group a2 (n = 76) included patients without HFpeF. HFpeF was defined according to the criteria established by paulus 2 , which defines the value of other parameters used in the diagnosis HFpeF. also patients with exercise-induced HFpeF were enrolled in group a1. The criteria were defined as increase in the ratio of peak early transmitral flow velocity (e) and peak early diastolic annular velocity (e') -e / e' >15 or e / e' > 13 while measuring on septal annulus 12 . The third group consisted of healthy controls (group B, n = 21). all subjects underwent complete laboratory blood testing, spirometry, coronary angiography, electrocardiogram, chest X-ray, echocardiography and bicycle ergometry. exclusion criteria were as follows: presence of significant stenosis of coronary artery (a value up to 40%), congenital heart disease, valvular heart disease, cardiomyopathy, pulmonary disease, liver and renal insufficiency and anemia. Healthy controls had no risk factors (hypertension, diabetes mellitus or hypolipoproteinemia) for developing HFpeF. informed written consent was obtained from each patient and the study protocol conformed to the ethical guidelines of the 1975 declaration of Helsinki as reflected in a priori approval by the st anne's University hospital institutional review Board.
Laboratory testing
The following serum parameters were measured: renal parameters (urea, creatinine, clearance of creatinine), ions, liver function parameters (alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, bilirubin), blood count and N-terminal fragment of pro-brain natriuretic peptide (NT-proBNp) in serum as a marker of heart failure.
Coronary angiography and spirometry
an assessment of coronary artery disease was performed by cT angiography or invasive coronary angiography.
Forced expiratory volume in one second (FeV1) and forced vital capacity (FVc) and their ratio were measured by standard spirometry. a value below 70% for any of the three parameters was considered pathological, and these patients were excluded from the study.
echocardiography
echocardiography was performed by the ultrasound systems Vivid 7 and 9 (Ge, milwaukee, Wi, Usa with m3s and m5s probes). all subjects were examined at rest and after physical exercise. in resting conditions, four-chamber(4-cH), two-chamber (2-cH) apical projection, short parasternal projection (psaX) at the level of the mitral valve, papillary muscles and the apex and long parasternal (plaX) projection were recorded. From the apical 4cH view, the doppler assessment of flow velocities on the mitral and aortic valves, and also in the pulmonary vein was obtained. lVeF was determined using simpson's method from the 4-cH and 2-cH projection. Tissue doppler of mitral annular motion was recorded in the septal and lateral position. left ventricular dimensions were measured as recommended by the european association of echocardiography 13 .The moment of aortic valve closure (aVc) was set at the end-systole on the aortic valve doppler flow for the calculation of endsystolic strains by speckle tracking assessment. exercise echocardiography was performed immediately after physical exercise in the same body position as the rest examination. measurements were always performed within 90 seconds following exercise. all data were saved and digitally analyzed using the system echopac pc versions 6.1.0 and 108.1.5. (Ge medical systems, Horten, Norway).
Bicycle ergometry
Bicycle ergometry was performed for quantification of exertional dyspnea and assessment of lV diastolic function. a bicycle ergometer (Kettler X7s, siemens, Germany) was used for the examination. The examination was performed in sitting position. The initial workload was set at 25 W and was increased every two minutes by 25 W up to subject tolerance. The examination was discontinued when shortness of breath or fatigue of the lower limbs occurred. maximal exercise tolerance was measured in metabolic equivalents units (meTs) as recommended by the american college of sports medicine 14 .
2D strain and strain rate assessment
The offline evaluation was performed in two basic acquired projections. circumferential and radial deformations were evaluated in psaX projection at the level of papillary muscles while the longitudinal deformation was assessed in the apical 4-cH projection. Four to five cardiac cycles were recorded in each projection during echocardiographic examination. Two to three cycles of myocardial contraction were assessed from each record, the first and last cycle were not analyzed. The evaluation was done manually by placing tracing lines of endocardium in endsystole. The software detected automatically the area of evaluation and myocardium was divided into 6 segments, which were analyzed using speckle tracking. Global longitudinal peak systolic (syst strain) and endsystolic strain (endsys strain) and also the value of longitudinal strain rate were assessed from the 4-cH projection. peak systolic strain was determined as the maximum value of strain in systole, endsystolic strain was determined on the deformation curve at the moment of aVc. circumferential endsystolic and systolic strain and strain rate (sr) and endsys radial strain (strain endsys rad) were determined from psaX projection at the level of papillary muscles. sr rad values and peak systolic strain rad were not determined because the radial evaluation software did not create global curve. The curves were not evaluated, in case of poor image quality in given projections.
Statistical analysis
Basic clinical characteristics and parameters of conventional and speckle tracking echocardiography were analyzed and compared between the groups. To describe the basic data standard statistical measurements were used: absolute and relative frequencies for categorical variables, the median with the lower (25%) and upper (75%) quartile for continuous variables. most variables did not present a normal distribution (shapiro-Wilk test), and therefore non-parametric tests were used. For comparison of all three groups (a1, a2 and B) in continuous parameters, the Kruskal-Wallis test was conducted. For a detailed comparison between the groups, mann Whitney test with Bonferroni correction for multiple comparisons was performed. a chi-square test was applied to compare the groups of categorical data. correlation of parameters sr circ a and e / e' was evaluated by calculating spearman's correlation coefficients. Univariate and multivariate regression analysis were performed to determine the predictors of HFpeF and relation of predictors. predictors were searched for group a1 (patients with HFpeF) towards the group a2 (patients without HFpeF) as a reference. Various multivariate models were used for parameters with potential predictive power (providing at least P < 0.1 in univariate logistic regression). logistic regression coefficients and standard errors (se) and P-values are presented together with the odds ratios (or) and their 95% confidence intervals. receiver operating characteristic curves (roc) were constructed to identify the sensitivity, specificity and the area under the curve (aUc) and optimal cutoff values of independent predictors of the presence HFpeF. results with P-values < 0.05 were considered statistically significant.
ReSULTS
Basic demographic characteristics of the study population are summarized in Table 1 .patients in group a were significantly older, used more diuretics and beta-blockers than patients in group a2, however there were no significant differences in ace inhibitor usage between the groups (Table 1) . serum creatinine levels were generally lower in the control group compared to group a1 and a2.
systolic blood pressure was significantly higher in patients (groups a1,2) versus controls.
parameters of conventional and speckle tracking echocardiography are shown in Table 2 . patients in group a1 differed from group a2 in echocardiographic parameters important for diagnosing HFpeF, such as left atrial volume index (lavi), deceleration time of the e wave (dT), e', e / e'. Furthermore, patients in group a1 had significantly lower absolute values of long peak systolic and endsystolic strain and sr a circ in comparison to group a2. on the other hand ratio e / sr e circ was significantly : marks of mutual statistically significant differences between the compared variants a1, a2, B (i.e.:
a for group a1, b for group a2 and b for group B in a specific row signifies there is a difference between groups a1 and a2, and a1 and B, but no difference between a2 and B.) Na: not available, Bp: blood pressure, Bmi: body mass index, acei: angiotensin-converting enzyme inhibitor, aT ii: angiotensin ii receptor blocker, NT-proBNp: N-terminal pro B-type natriuretic peptide higher in group a2. additionally, there was a significant difference between the a1 and a2 group in long and circ sr, circ endsystolic parameters, peak systolic strain and in ratio e / e sr long. due to a poor echocardiography image quality, long s and sr were not evaluated in 6 patients (4.9%) and circ s and sr s in 17 patients (13.9%).
importantly, the multivariate analysis revealed that sr a circ, e' parameters and N-terminal B-type natriuretic peptide (NT-proBNp) were independent predictors of HFpeF (Table 3 and 4) . an increase in the e' parameter of 1 reduced the chance of inclusion of the patient in group a1 (patients with HFpeF) by approximately 63% (0.37x) against inclusion in group a2. NT-proBNp and e' are already used in the diagnosis of HFpeF. Thus we were interested in the outcome of sr a circ. an increase of the parameter sr a circ in 0.1 decreased the chance to include patients in group a1 (patients with HFpeF) by about half (0.55x) against inclusion in group a2.
in the roc analysis, sr a circ the cut-off value was set at 0.7 with a specificity of 70.9% and sensitivity of 64%. correlation of sr a circ and e / e' ratio, the value of rs was -0.252 at P = 0.024.
DISCUSSION
in this study, we assessed the longitudinal, circumferential and radial components of lV systolic deformation by 2d speckle tracking echocardiography. The main aim of the study was to determine the potential predictor value of systolic deformation parameters in the diagnosis of HFpeF. We showed that the longitudinal and circumfer- : marks of mutual statistically significant differences between the compared variants a1, a2, B (i.e.: a for group a1, b for group a2 and b for group B in a specific row signifies there is a difference between groups a1 and a2, and a1 and B, but no difference between a2 and B.) ia: peak late transmitral flow velocity, a´: peak late diastolic annular velocity, dT: deceleration time of e wave, e: peak early transmitral flow velocity, e´: peak early diastolic annular velocity, s´: peak systolic annular velocity edVi: end-diastolic volume index, esVi: end-systolic volume index, eF: ejection fraction, laVi: left atrial volume index, lV: left ventricular, ad: duration of late transmitral filling wave, ard: duration of atrial reversal flow sr: strain rate, long: longitudinal, circ: circumferencial, rad: radial, syst: systolic, endsyst: endsystolic ential systolic left ventricular function was significantly reduced in patients with HFpeF. HFpeF patients had significantly lower values of longitudinal peak systolic, endsystolic strain and sr a circ in comparison to group a2 (patients with exertional dyspnoea). on the other hand ratio e / sr e circ was significantly higher in HFpeF patients than in the patients without HFpeF.
previous research is not consistent in terms of impairment in single deformation parameters in patients with HFpeF (ref. 15 ). animal model have shown that decrease in the longitudinal strain is a sensitive marker of HFpeF progression 16 . moreover, patients with peak global longitudinal strain ≤ 15 have greater morbidity and mortality in both HFpeF and HFreF (ref. 15 ). speckle tracking echocardiography can be used as an indicator of treatment outcomes in patients with heart failure 15 . The longitudinal component of systolic myocardial function is often affected before development of circumferential or radial impairment 8 . other work indicates deterioration of circumferential and longitudinal deformation at the end of systole in patients with HFpeF compared to healthy subjects 10, 17 . as shown by cioffi et al. 18 circumferential and longitudinal dysfunction and its combination are present in up to one quarter of patients with HFpeF while radial systolic lV function remains preserved 11, 19 . This is consistent with our results as we found no significant difference in radial function between patients with HFpeF and healthy controls. This may be explained by the frequent occurrence of left ventricular hypertrophy in patients with hyper- 19 , the value of longitudinal, radial and circumferential strain correlates with the patient's exercise tolerance.
Two-dimensional speckle tracking echocardiography is an imaging method for measuring myocardial deformation parameters "strain (s) and strain rate (sr)." These parameters describe systolic and diastolic myocardial function in three mutually perpendicular planes 21, 22 . speckle tracking echocardiography imaging may be used for early detection of regional systolic and diastolic lV dysfunction 8, 23, 24 in patients with preserved lVeF and cardiovascular risk factors. it also may be used for detection of a variety of heart pathologies reflected in myocardial function such as ischemia, valvular disease or abnormal substances for example proteins deposition.
The endocardium is sensitive to ischemia and is preferentially affected by fibrosis, which increases with age even in clinically asymptomatic individuals 25, 26 . The endocardium consists mainly of longitudinal fibers. Therefore it is not surprising that the longitudinal strain gradually decreases with age 21 . longitudinal strain also decreases with diminished myocardial perfusion 27 , with isolated lV non-compaction cardiomyopathy 28 and cardiac amyloidosis 29 . impaired longitudinal systolic strain is associated with an increased risk of serious cardiovascular disease and atrial fibrillation 30 . in the present study we focused on the assessment of lV systolic function using 2d speckle tracking echocardiography. diagnosis of early phase of HFpeF is often difficult. sometimes even the combination of non-invasive tests is not sufficient to detect all patients with HFpeF (ref. 31 ) and exercise testing is necessary to diagnose the disease [32] [33] . in patients with HFpeF a deterioration of longitudinal systolic function detected by 2d speckle tracking echocardiography is a far more accurate indicator of abnormal lV systolic function than reduced systolic mitral annular velocity evaluated by the doppler echocardiography 4 . a new predictive factor is needed to help in the diagnosis of early HFpeF stages; according to our research sr a circ parameter seems to be a good example. The lower the value of the sr a circ parameter, the higher was the probability of HFpeF diagnosis. The negative correlation of sr a circ and e / e' shown in our study demonstrated a relationship between sr a circ and lV filling pressures. The independent predictive value of sr a circ in diagnosis of HFpeF needs to be confirmed by other studies. Whether a positive sr a circ parameter can complement the existing doppler parameters for a diagnosis HFpeF needs to be determined. sra circ parameter reflects the function of the left atrium. it is well established that left atrial dysfunction is associated with the development of HFpeF. an abnormal strain of the left atrium in patients with sinus rhythm may be associated with clinical manifestations of HFpeF. a decreased strain of the left atrium and left ventricle was recently described in patients with HFpeF (ref. [34] [35] [36] ). The function of the left atrium (using strain rate) is highly predictive of a final diagnosis of heart failure. The dysfunction of the left atrium may be one mechanisms for the initial development of symptoms in patients with HFpeF (ref. 34 ). a deterioration of the left atrium strain and hence left atrium dysfunction is associated with increased left ventricle end-diastolic pressure and increased NT-proBNp levels 37 .
Study limitations several limitations of the study need to be acknowledged. Firstly, global longitudinal, radial and circumferential s and sr were evaluated only in one echocardiographic projection, it would be more accurate to assess them using 3d echocardiography 38 . The evaluation software limited us to assess the global peak systolic strain rad and rad sr. For this reason, we do not have the results to compare with the longitudinal and circumferential components. Further, the results may have been influenced by the different stages of disease in n the study population used.
CONCLUSION
The parameters quantifying circumferential and longitudinal deformation are significantly reduced in patients with HFpeF compared to patients with exertional dyspnea without HFpeF. in patients with exertional dyspnea having normal lVeF sr a circ value seems to be a significant and independent predictive factor of HFpeF. sr a circ may be in combination with other parameters used in the diagnosis of HFpeF.
